Following cocaine self-administration and extinction training, activity in the infralimbic cortex (IL) suppresses cocaine-seeking behavior. IL inactivation induces cocaine-seeking whereas activation suppresses cocaine-reinstated drug-seeking. We asked how the suppression of cocaine-seeking induced by IL activation integrates with the circuitry promoting reinstated cocaine-seeking. Following cocaine self-administration and extinction training, rats underwent cue-induced reinstatement. In order to activate IL projections, microinjections of PEPA, a positive allosteric modulator of AMPA receptors, were made into the IL in combination with microinjections into a variety of nuclei known to regulate cocaine-seeking. Intra-IL PEPA administration suppressed cue-induced reinstatement without affecting locomotor activity. The suppression of cocaine-seeking was reversed by activating dopamine neurons in the ventral tegmental area with microinjections of the l-opioid receptor agonist DAMGO, and was partially reversed by dopamine microinjections into the prelimbic cortex or basolateral amygdala. Previous evidence suggests that the nucleus accumbens shell both promotes and suppresses cocaine-seeking. The suppression of cue-induced cocaine seeking by PEPA in the IL was reversed by intra-shell microinjections of either dopamine or the AMPA receptor antagonist CNQX, suggesting that the accumbens shell bidirectionally regulates cocaine-seeking depending on whether dopamine input is mimicked or glutamate input is inhibited. Together, these findings indicate that the IL acts 'upstream' from structures promoting cocaine-seeking, including from the mesolimbic dopamine projections to the prelimbic cortex and basolateral amygdala, and that the accumbens shell may be a crucial point of integration between the circuits that promote (ventral tegmental area) and inhibit (IL) reinstated cocaine-seeking.
Introduction
Inactivation studies reveal that reinstatement of cocaine-seeking requires activity in a variety of structures including the ventral tegmental area (VTA), the basolateral amygdala (BLA), the dorsal portion of the medial prefrontal cortex (prelimbic cortex, PL) and the nucleus accumbens core (NAcore; McFarland & Kalivas, 2001; McLaughlin & See, 2003; Di Ciano & Everitt, 2004) . Reinstated drugseeking is a widely employed model of drug relapse (Shaham et al., 2003) , and typically involves drug self-administration followed by extinction training, after which drug-seeking is reinstated. As extinction involves new learning rather than erasure of the original memory (Bouton, 2002) , extinction learning and its expression involves a neural circuit that suppresses drug-seeking. Akin to findings with the extinction of fear conditioning (Quirk et al., 2006) , recent work identified the ventral portion of the medial prefrontal cortex (infralimbic cortex; IL), as well as the IL's efferent target, the nucleus accumbens shell (NAshell), as critically involved in the suppression of reinstated cocaine-seeking (Peters et al., 2008) . Inactivation of the IL or NAshell immediately prior to an extinction session induces cocaineseeking without any other reinstatement trigger. Moreover, recent findings suggest that the IL is involved in the consolidation of memories for the extinction of cocaine-seeking behavior, confirming a role for this structure in the extinction of cocaine-seeking (LaLumiere et al., 2010) .
Cocaine-seeking induced by IL inactivation is reversed by concurrent inactivation of the PL or BLA, suggesting that, during the expression of extinction, activity in the IL actively competes with the circuitry underlying cocaine-seeking (Peters et al., 2008) . In support, intra-IL microinjections of AMPA suppress cocaine-reinstated drugseeking, though it is not known whether such activation suppresses cue-induced reinstatement. Although the NAshell is also involved in the suppression of cocaine-seeking behavior (Di Ciano et al., 2008; Peters et al., 2008) , other work suggests that the NAshell promotes cocaine-seeking behavior. NAshell blockade of either D1 or D2 receptors or AMPA receptors prevents cocaine-induced reinstatement (Anderson et al., 2003 Famous et al., 2008) . One possible explanation for the discrepant results is that the NAshell is a site of competition between the IL and dopaminergic afferents in regulating cocaine-seeking. Thus, depending on the activated inputs, the NAshell can bidirectionally determine whether rats engage in cocaine-seeking. Therefore, the present experiments examined whether IL activation suppresses cue-induced cocaine-seeking and whether this could be reversed by increased dopaminergic tone in mesolimbic dopamine terminal fields important in reinstated cocaine-seeking. Additionally, we evaluated whether the NAshell could bidirectionally regulate cocaine-seeking.
Materials and methods

Subjects
Male Sprague-Dawley rats (300 g at the time of surgery; Charles River, n = 135) were used in this study. They were individually housed, maintained in a temperature-controlled environment (22°C) on a 12-h light-dark cycle (lights on at 07.00 h) with food and water ad libitum, and given 6-7 days to acclimatize to the vivarium before undergoing surgery. Behavioral procedures began 5-6 days after surgery. All methods used were in compliance with NIH guidelines for care of laboratory animals and were approved by the Medical University of South Carolina Institutional Animal Care and Use Committee or the University of Iowa Institutional Animal Care and Use Committee.
Surgery
The rats were anesthetized with ketamine HCl (87.5 mg ⁄ kg, i.m.) and xylazine (5 mg ⁄ kg, i.m.). Ketorolac (3 mg ⁄ kg, i.p.) was administered prior to surgery to provide analgesia and again 1 day after surgery. For catheter implantation, a 13-cm piece of Silastic tubing (0.51 mm inner diameter, 0.94 mm outer diameter; Dow Corning) with a silicone ball placed 3 cm from the end was threaded under the skin from the back to the ventral side of the rat. The catheter was inserted into the jugular vein and secured with sutures. The other end was externalized through a small hole in the skin between the shoulder blades. The externalized end was connected to a 22-gauge guide cannula (22 ga, C313G; Plastics One, Inc., Wallingford, CT, USA) that was secured in the middle of a harness (Strategic Applications, Inc., USA) that looped around the forelegs of the rat and thus remained securely attached to the rat. Rats were given daily infusions of cefazolin and heparin (0.1 mL of 100 U ⁄ mL) for 1 week after surgeries and then infusions of heparin alone throughout the remainder of the self-administration.
The rats were then placed in a small animal stereotaxic instrument (Kopf Instruments, Tujunga, CA, USA). Four surgical screws were implanted into the skull as anchors, and guide cannulae were implanted and secured with dental cement. The nose bar was maintained at -3.5 mm relative to the interaural line. All AP and ML coordinates were calculated from Bregma, whereas DV coordinates were calculated from skull surface. The surgical coordinates were as follows: PL ⁄ IL (double-barreled cannulae) -AP, +3.1 mm; DV, )2.6 mm; BLA -AP, )2.8 mm; ML, ±5.0 mm; DV, )6.5 mm; VTA -AP, )5.2 mm; ML (10°angle), ±2.2 mm; DV, )7.1 mm; NAshell -AP, +1.7 mm; ML (17°angle), ±3.0 mm; DV, )5.8 mm. After the surgery, the rats were retained in an incubation chamber until they recovered from the anesthesia. Obdurators were placed in all cannulae and maintained through the reinstatement testing. The rats were then returned to their home cages and checked on the days following surgery to ensure that their wounds healed.
Self-administration, extinction and reinstatement procedures
All self-administration experiments occurred in standard operant chambers (Med Associates, Fairfield, VT, USA) with two retractable levers, a house light, and a cue light and tone-generator (2900 Hz).
Prior to drug self-administration, all rats were food-deprived for 24 h and then underwent a single 15-h food-training session in which the rats were trained to press the active lever for a single food pellet (45 mg; Noyes, Lancaster, NH, USA) on a fixed-ratio 1 (FR1) schedule. Following the food training, the rats were given a limited quantity of food (20 g) immediately after every self-administration session, and this food restriction was maintained through extinction and reinstatement testing. One day after the food training, the rats began cocaine self-administration and each session lasted 2 h or until the rats had taken a maximum of 200 infusions. The self-administration program was an FR1 schedule with a 20-s timeout to prevent overdose. Each active lever press produced a 0.05 mL infusion of 200 lg of cocaine (dissolved in 0.9% sterile saline; cocaine-HCl kindly provided by NIDA). Concurrent with the drug infusion, a cue tone (2900 Hz) and cue light immediately above the active lever turned on for 5 s. Rats underwent self-administration 6 days per week, excluding Sundays, for at least 2 weeks (i.e. 12 days). In order to move into extinction, rats were required to take at least 10 days of at least 10 infusions of cocaine, including the last 3 days of selfadministration, as well as discrimination between the active and inactive lever. If rats had not met these criteria by 4 weeks (i.e. 24 days), they were excluded from the study.
After self-administration, rats began extinction training. Active lever presses produced no drug infusion or light ⁄ tone cues. For all experiments, rats underwent at least 10 days of extinction and, in order to undergo reinstatement, rats had to have 25 or fewer active lever presses for at least two consecutive days immediately prior to the reinstatement session. The 2 days of extinction prior to reinstatement testing served as the extinction baseline. Rats were excluded if they did not reach extinction criterion within 40 days. For cue-induced reinstatement, the session program was identical to the self-administration session program (i.e. cue tone and light turned on with an active lever press). In one experiment, rats also underwent cocaineinduce reinstatement, in which they received a single i.p. injection of cocaine (10 mg ⁄ kg) immediately prior to the reinstatement session. Rats did not receive intravenous drug infusions during either reinstatement. Rats' lever-pressing was re-extinguished between successive reinstatement sessions with the same criteria described above and a minimum of 3 days of extinction between reinstatements.
Microinjection procedures
Microinjectors (33-gauge) were connected to PE20 tubing, which was attached to 10-lL Hamilton syringes controlled by an infusion pump. For the BLA, VTA and NAshell, the microinjectors extended 2 mm beyond the end of the cannula and into the structure of interest. For the PL and IL, the microinjectors extended 1 and 3 mm, respectively, beyond the end of the cannula. Rats were not anesthetized during microinjections. All microinjections (0.3 lL) occurred over 60 s, and the injectors were left in place for an additional 60 s to allow for diffusion from the site of the injection. Following the microinjection, rats then underwent their appropriate reinstatement testing. The following drugs were used in the microinjections -the positive modulator of AMPA receptors 2- [2, ]-enkephalin (DAMGO; 0.1 nmol ⁄ side). All drugs were dissolved in artificial cerebrospinal fluid (aCSF) except PEPA, which was dissolved initially in 50% DMSO ⁄ 50% aCSF and was then diluted to 10% DMSO ⁄ 90% aCSF immediately prior to use. Doses of all four Competition over cocaine-seeking 615 drugs were chosen based on prior work (Hooks & Kalivas, 1994; McFarland & Kalivas, 2001; LaLumiere et al., 2005; Zushida et al., 2007; .
Experiments
In all experiments, rats underwent two cue-induced reinstatements in a counterbalanced manner with respect to microinjection. In the first experiments, rats received microinjections of PEPA or vehicle into the IL immediately prior to the cue-induced reinstatement session. In all subsequent experiments, rats received PEPA or vehicle into the IL as well as microinjections into an additional structure. In the second and third experiments, rats received dopamine into the PL or BLA, respectively. In the fourth experiment, rats received the l-opioid receptor agonist DAMGO into the VTA. In the fifth and sixth experiments, rats received dopamine or CNQX into the NAshell. In addition, a subset of rats (n = 11) was used in the locomotor activity test to determine whether PEPA administration into the IL affected locomotor activity.
Locomotor activity
Following completion of the reinstatement studies, a subset of rats underwent locomotor activity testing in order to determine whether intra-IL microinjections of PEPA affect locomotor activity. The behavioral chambers contained 16 photobeams (AccuScan Instruments). Rats were given microinjections of PEPA or its vehicle into the IL immediately prior to being placed in a chamber for a 2-h locomotor activity test.
Histology and statistics
Rats were overdosed with sodium pentobarbital (100 mg ⁄ kg, i.p.) and intracardially perfused with 0.9% saline. The brains were removed and stored in 10% formalin for at least 24 h. Coronal sections (100 lm thick) were made using a vibratome. Sections were mounted on gelcoated slides and then stained with Cresyl violet. Sites of injector needles were verified with a light microscope, according to the atlas of Paxinos & Watson (2005) . Lever-pressing data were analyzed using one-way anova. For the first experiment, Bonferroni post hoc tests were conducted, while the remaining experiments used Bonferroni adjustments to the overall alpha level of 0.05 for planned comparisons between extinction baseline and reinstatement and between the reinstatements of the group receiving PEPA into the IL and vehicle into the other structure and the group receiving PEPA into the IL and a drug into the other structure. The locomotor activity data were analyzed using a two-way repeated-measures anova.
Results
A total of 89 rats were included in the final data, while another 46 were excluded due to failure to acquire self-administration (17 rats), failure to extinguish lever pressing (three rats), incorrect cannula placements (15 rats), more inactive lever pressing than active lever pressing at the end of self-administration (two rats), death prior to the end of the experiment (seven rats) and clogged cannulas (two rats). Figure 1A shows active and inactive lever presses during selfadministration from all animals included in the final data. Within each experiment there was no significant difference between microinjection treatment groups in average active lever pressing during the last 3 days of self-administration (data not shown).
PEPA microinjections into the IL suppressed cue-induced cocaine-seeking Figure 1B shows that intra-IL microinjections of PEPA immediately prior to a cue-induced reinstatement session significantly reduced active lever-pressing compared with that found in vehicle-control rats. A one-way anova identified a significant main effect (F 2,23 = 15.87, P < 0.001). Post hoc tests revealed that rats receiving vehicle had significantly more active lever presses during the cue-induced reinstatement compared to the extinction baseline (P < 0.0001). Those rats receiving PEPA had significantly more active lever presses compared to the extinction baseline but significantly fewer active lever presses compared to those of the vehicle-treated rats (P < 0.05). Thus, intra-IL microinjections of PEPA reduced, but did not completely abolish, cue-induced cocaine-seeking. There were no significant differences in active lever presses between rats receiving PEPA as the first or second microinjection (n = 4 for each; mean ± SEM -first, 23.25 ± 6.61; and second, 32.25 ± 1.97). Similarly, when data were pooled for all rats receiving PEPA alone across all experiments, there were no significant differences in active lever presses between rats receiving PEPA as the first or second microinjection (n = 19 for each; mean ± SEM -first, 23.84 ± 4.60; and second, 16.37 ± 2.9). For rats shown in Fig. 1B , there were no significant differences among the groups for inactive lever presses during reinstatement (data not shown). PEPA microinjections into the IL alone before being placed into an activity chamber did not affect the rats' horizontal activity compared to vehicle-control rats (Fig. 1C) . A two-way repeatedmeasures anova revealed there was a significant effect of time (F 11,99 = 26.82, P < 0.001) but no significant effect of drug (F 1,99 = 0.2836, P > 0.05) or interaction between the drug and time (F 11,99 = 0.3507, P > 0.05).
We then examined whether the suppression of cocaine-seeking was reversed by microinjections of dopamine into the PL (Fig. 2A) or into the BLA (Fig. 2B) . For the PL experiment, a one-way anova revealed a significant main effect (F 4,50 = 4.478, P < 0.01). Planned comparisons found that all groups significantly reinstated compared to their extinction baseline except those rats receiving PEPA into the IL and vehicle into the PL (P < 0.05). However, active lever pressing for rats receiving PEPA into the IL did not significantly differ from those receiving PEPA into the IL and dopamine into the PL. For the BLA experiment shown in Fig. 2B , a one-way anova revealed a significant main effect (F 4,56 = 6.295, P < 0.001). Planned comparisons found that all groups significantly reinstated compared to their extinction baseline except those rats receiving PEPA into the IL and vehicle into the BLA (P < 0.05). As with the PL, active lever pressing for rats receiving PEPA into the IL did not significantly differ from those receiving PEPA into the IL and dopamine into the BLA. While it has previously been shown that dopamine alone into the PL reinstates cocaine-seeking (McFarland & Kalivas, 2001) , the effect of dopamine in the BLA is not known, although microinjection of a D1 antagonist into the BLA has been shown to inhibit cue-induced reinstatement (See et al., 2001) . Figure 2B shows that dopamine given alone into the BLA immediately before an extinction session did not significantly reinstate cocaine seeking. Inactive lever pressing during the reinstatement trials did not differ between treatment groups (data not shown). These findings suggest that the IL's ability to suppress cue-induced cocaine-seeking is reversed by mimicking activation of the mesolimbic dopaminergic afferents to the BLA and PL.
Therefore, in the next experiment, illustrated in Fig. 3 , we determined whether broad activation of the mesocorticolimbic dopamine projection by VTA dopamine neurons by microinjecting the l-opioid receptor agonist DAMGO into the VTA could reverse the suppression of cocaine-seeking (Kalivas, 1993) . A one-way anova revealed a significant main effect (F 4,32 = 4.562, P < 0.01). Planned comparisons revealed significant differences in active lever pressing between the extinction baseline and all groups except the group receiving PEPA into the IL and vehicle into the VTA (P < 0.05). Active lever pressing in rats receiving PEPA was significantly lower than that found in rats receiving PEPA into the IL and DAMGO into the VTA (P < 0.05), indicating that DAMGO microinjections into the VTA reversed the suppression induced by PEPA microinjections into the IL. When microinjected alone into the VTA to a subset of rats (n = 5) immediately prior to an extinction session with no cues, this dose of DAMGO did not significantly increase active lever presses. There were no significant differences in inactive lever presses during reinstatement (data not shown).
The NAshell regulated cue-induced cocaine-seeking
The NAshell receives glutamatergic input from the IL and dopaminergic input from the VTA (Fallon & Moore, 1978; Sesack et al., 1989) , and previous evidence suggests that the NAshell can bidirectionally regulate reward-seeking Peters et al., 2009) . We therefore investigated whether stimulating dopamine receptors or blocking AMPA in the NAshell might differentially affect the capacity of PEPA activation of glutamatergic afferents to inhibit cue-reinstated cocaine seeking. In the first experiment, intraNAshell microinjections of dopamine reversed the suppression of cueinduced cocaine-seeking by PEPA (Fig. 4A) . A one-way anova revealed a significant main effect (F 4,41 = 5.666, P < 0.01). Planned comparisons revealed significant differences in active lever presses between the extinction baseline and all groups except those rats receiving PEPA into the IL and vehicle into the NAshell. Active lever pressing in rats receiving PEPA was significantly lower than that found in rats receiving PEPA into the IL and dopamine into the NAshell (P < 0.05). A one-way anova also revealed a significant main effect for dopamine microinjected alone into the NAshell immediately prior to an extinction session (F 2,37 = 8.833, P < 0.001). Planned comparisons revealed that those rats receiving dopamine into the NAshell had significantly more active lever presses compared to their extinction baseline (P < 0.05). Vehicle given alone into the NAshell had no effect. Figure 4B shows the inactive lever presses for the experiment. A one-way anova found a significant effect for the inactive lever presses during cue-induced reinstatement (F 4,41 = 3.215, P < 0.05). Planned comparisons revealed that those rats receiving dopamine into the NAshell and vehicle into the IL had Active lever presses (mean ± SEM) during extinction and cue-induced reinstatement for the IL-BLA experiments. Intra-IL microinjections of PEPA suppressed cueinduced reinstatement, whereas rats receiving PEPA into the IL and dopamine into the PL showed significant reinstatement. For the IL-BLA experiment, intra-BLA microinjections of dopamine alone immediately prior to an extinction session did not significantly affect cocaine-seeking behavior. Rats were counterbalanced across BLA micrionjections. *P < 0.05 compared to extinction baseline.
significantly more inactive lever presses compared to their extinction baseline (P < 0.05), while inactive lever presses for those receiving dopamine into the NAshell and PEPA into the IL showed a trend toward an increase compared to the extinction baseline (P < 0.08). For microinjections given into the NAshell alone prior to an extinction session, a one-way anova revealed a significant effect for inactive lever presses (F 2,37 = 5.419, P < 0.01), but planned comparisons did not reveal any significant differences between the inactive lever presses of the extinction baseline and those of either microinjection group. Because dopamine microinjections into the NAshell appeared to increase active and inactive lever presses, we created a difference score for both active and inactive lever presses, in which we subtracted the lever presses for rats receiving PEPA into the IL and vehicle into the shell from the lever presses for rats receiving PEPA into the IL and dopamine into the shell. These difference scores showed no significant difference between the increase in active lever presses (mean ± SEM -58.7 ± 29.83) compared with the increase in inactive lever presses (36.5 ± 21.31). Figure 4C shows that intra-NAshell microinjections of the AMPA receptor antagonist CNQX reversed the suppression of cue-induced cocaine-seeking. A one-way anova revealed a significant main effect (F 4,59 = 3.576, P < 0.05). Planned comparisons revealed significant differences in active lever presses between the extinction baseline and all groups except those rats receiving PEPA into the IL and vehicle into the NAshell (P < 0.05). Active lever pressing in rats receiving PEPA was not significantly different than that found in rats receiving PEPA into the IL and CNQX into the NAshell but, as the data in the PEPA-alone group were non-normal in their distribution, a nonparametric analysis (Mann-Whitney U-test) was employed. A MannWhitney U-test revealed a significant difference between the two groups (P < 0.05). Because previous work indicated that AMPA receptor blockade in the NAshell prevents cocaine-prime-induced reinstatement , the rats then underwent an additional experiment in which an injection of cocaine (10 mg ⁄ kg, i.p.) was administered immediately prior to the extinction session. A Reversal of PEPA-induced suppression of cue-induced cocaineseeking by VTA disinhibition, as shown by active lever presses (mean ± SEM) during extinction and cue-induced reinstatement. Intra-IL microinjections of PEPA suppressed cue-induced reinstatement, an effect that was reversed by intra-VTA microinjections of the l-opioid receptor agonist DAMGO. Intra-VTA microinjections of DAMGO did not significantly induce reinstatement when given alone prior to an extinction session. Rats were counterbalanced across IL microinjections. *P < 0.05 compared to extinction baseline; + P < 0.05 compared to PEPA-DAMGO group. Active and inactive lever presses (mean ± SEM), respectively, during extinction and cue-induced reinstatement for rats receiving dopamine microinjections into the NAshell. Intra-IL microinjections of PEPA suppressed cue-induced reinstatement, an effect that was reversed by dopamine microinjections into the NAshell. Intra-NAshell microinjections of dopamine alone prior to an extinction session induced a significant increase in active lever presses. Rats were counterbalanced across NAshell microinjections. (C) Active lever presses (mean ± SEM) during extinction and cue-and cocaine-prime-induced reinstatement for rats receiving intra-NAshell microinjections of the AMPA receptor antagonist CNQX. IntraNAshell microinjections of PEPA suppressed cue-induced reinstatement, an effect that was reversed by intra-NAshell microinjections of CNQX. Rats then underwent a cocaine-prime-induced reinstatement session in which CNQX or vehicle was administered into the NAshell prior to the session. CNQX administration did not prevent the cocaine-prime-induced reinstatement. Rats were counterbalanced across NAshell microinjections. *P < 0.05 compared to extinction baseline; # P < 0.08 compared to extinction baseline; + P < 0.05 compared to PEPA-dopamine or PEPA-CNQX group.
Inactive lever presses
one-way anova revealed a significant main effect of active lever presses (F 2,47 = 3.900, P < 0.05). Planned comparisons revealed that those rats receiving CNQX into the NAshell had significantly more active lever presses than the extinction baseline (P < 0.05), whereas there was only a trend toward a difference in active lever presses between the extinction baseline and vehicle-treated rats (P < 0.13). The lack of a significant reinstatement in the vehicle-control rats may have been due to the repeated reinstatements the rats had received prior to this. There were no significant differences in inactive lever presses for any of the groups in Fig. 4C (data not shown).
Histology Figure 5 shows the location of the microinjector tips for the animals whose data were used in the study. Figure 5A shows the location of 20 randomly selected microinjector tips in the IL. Data from rats whose microinjectors terminated ventral to the IL in the dorsal peduncular cortex were included (n = 6), as evidence suggests that this structure is also part of the ventromedial prefrontal cortex that regulates extinction learning (Peters et al., 2009) . Indeed, those rats with microinjectors in the dorsal peduncular nucleus who received PEPA into the IL and vehicle into the other brain structure (n = 4) showed similar reinstatement levels (21.75 ± 7.49), as compared with the values shown in the figures. Because the same cannulae were used for IL and PL microinjections, there are no separate tip locations for PL injections. Correct PL placement was assumed if the IL placement was correct. Figure 5B -D shows the location of the microinjector tips in the BLA, the VTA and the NAshell, respectively.
Discussion
The present findings indicate that IL activation, via the AMPA receptor potentiator PEPA, reduces cue-induced cocaine-seeking, consistent with previous cocaine-seeking studies (Peters et al., 2008; LaLumiere et al., 2010) and fear conditioning studies (Quirk et al., 2000; Morgan et al., 2003) that support a critical role for the IL in the consolidation and expression of extinction in these paradigms. The findings regarding the IL suggest that cue-induced reinstatement 'overrides' the normal signaling in the IL that suppresses cocaineseeking. Although previous experiments used AMPA microinjections to activate the IL and suppress cocaine-prime reinstatement (Peters et al., 2008) , PEPA provides a significant advantage as it is an AMPA receptor potentiator that reduces the rate of, or completely abolishes, desensitization of the AMPA receptor (Sekiguchi et al., 1997) and therefore requires the presence of endogenous glutamate to produce effects. Accordingly, the present results suggest that PEPA administration into the IL enhances the activation of glutamatergic receptors and, thereby, increases the activation of IL neurons and their output. This idea is supported by the fact that the NAshell is a major recipient of glutamatergic projections from the IL (Sesack et al., 1989) , and blocking AMPA receptors in the NAshell reversed the capacity of PEPA in the IL to inhibit cue-reinstated cocaine seeking. Previous findings indicate that reinstated cocaine-seeking depends on dopaminergic activation of the BLA and PL, which is believed to facilitate activity in neurons projecting from these nuclei to the nucleus accumbens core (NAcore) and thereby reinstate cocaine seeking (McFarland & Kalivas, 2001; See et al., 2001; McFarland et al., 2003; Di Ciano & Everitt, 2004) . Our findings that indirectly stimulating VTA dopamine neurons with DAMGO or directly stimulating dopamine receptors in the NAshell reversed the inhibition of reinstated cocaine seeking by PEPA in the IL suggests that the IL is 'upstream' from activity in the circuit that promotes cocaine-seeking and that downstream activation of the circuit promoting cocaineseeking is a prepotent regulator of behavior. In the PL and BLA, the effects were more mixed. Although rats receiving PEPA into the IL and dopamine into the PL and BLA showed significant reinstatement, they did not significantly differ from those rats receiving PEPA alone in their active lever presses, suggesting that the reversal of the inhibition was not as strong in these groups. Most probably, this finding reflects the necessary involvement of both the PL and the BLA in cue-induced cocaine-seeking and the fact that both structures independently project to the NAcore. Although not experimentally tested, it is likely that activation of the NAcore AMPA receptors would override the suppression signal, as previous findings suggest that PL and ⁄ or BLA projections to the NAcore are the critical pathways mediating reinstatement (McFarland et al., 2003; Di Ciano & Everitt, 2004) . The idea that the IL is upstream from these other structures in the circuitry regulating cocaine-seeking is also consistent with the finding that cocaine-seeking induced by IL inactivation is reversed by simultaneous BLA or PL inactivation by microinjected GABA agonists (Peters et al., 2008) . That the cocaine-seeking circuit is downstream from the suppression circuit may explain why, after weeks of extinction training, reinstatement is easily triggered by exposure to a variety of stimuli. Although the purpose of the present experiments was to determine whether the cocaine-seeking circuit was downstream from the suppression circuit, it is likely that there are also structures upstream from the IL that signal critical information to the IL to initiate the suppression signal. Future work will address this issue.
In apparent contrast with the present findings, Koya et al. (2009) found that IL activation 1 day after self-administration induced cocaine-seeking whereas IL inactivation after 30 days of withdrawal inhibited cocaine-seeking. However, in both cases in that study, the IL manipulations were performed on the first day of extinction, either 1 day or 30 days after self-administration. Our previous work suggests that prior extinction training is required for the IL to be involved in suppressing cocaine-seeking (Peters et al., 2008) . Thus, akin to what has been observed for fear conditioning (see below), the IL may be involved in the learning and expression of the most recent contingencies, and only after extensive extinction training and the associated new learning does the IL begin to suppress cocaine-seeking. It is critical to note that studies using inactivation and activation may not always produce opposite behavioral outcomes, especially as the mechanisms of inactivation or activation may be rather different and alter neural activity in different manners, and this may account for some discrepancies in the literature.
In contrast to studies with cocaine-seeking and fear conditioning, the evidence regarding the role of the IL in heroin-and morphineseeking behavior has been conflicting. Previous work found that PL or IL inactivation prevents reinstatement of heroin-seeking (Rogers et al., 2008; Bossert et al., 2011) , whereas studies with cocaineseeking have shown that PL, but not IL, inactivation prevents cocaineseeking (McFarland & Kalivas, 2001 ). However, other work suggests that, under at least some circumstances, the medial prefrontal cortex in general or the IL specifically is involved in the extinction of opiateseeking or opiate-conditioned place preference (Ovari & Leri, 2008; Van den Oever et al., 2008 He et al., 2011) . While the present data do not directly address the apparently distinct role of the IL in cocaine-seeking and fear conditioning vs. heroin-seeking, it is interesting to consider that whereas cocaine is characterized as having aversive qualities in rats heroin is not (Ettenberg & Geist, 1993; Ettenberg, 2004) , and perhaps the aversive qualities of cocaine and fear conditioning contribute to the involvement of the IL in extinction and regulating motivated behavior.
Apparent contradictions also exist in the literature describing the role of the NAshell in cocaine-seeking. In the present study we found that AMPA receptor blockade of the NAshell restored cocaine-seeking that was inhibited by PEPA activation of IL afferents to the NAshell. This is consistent with previous studies showing that pharmacological inactivation of the NAshell induces cocaine-seeking (Peters et al., 2008) , alcohol-seeking (Millan et al., 2010) , second-order schedules of cocaine-seeking (Di Ciano et al., 2008) and food-seeking (Stratford & Kelley, 1997; Floresco et al., 2008) . However, another study found that AMPA receptor blockade in the NAshell prevents reinstatement by a systemic cocaine priming injection . To determine whether the present data resulted from differences between cue-and cocaine-induced reinstatement, we conducted an additional experiment in which NAshell AMPA receptors were blocked during a cocaine prime-induced reinstatement and found a partial potentiation of the reinstatement, suggesting that AMPA receptors in the NAshell are not involved in promoting cocaine-seeking. It is not clear why the present results do not agree with those of Famous et al. (2008) , though it should be noted that Famous et al. used a larger volume (0.5 lL) for microinjection than the current study (0.3 lL), posing the possibility that some of the drug may have diffused to nearby regions of the NAcore, and AMPA receptor blockade in the NAcore prevents cueinduced reinstatement of cocaine-seeking (Backstrom & Hyytia, 2007) .
A number of studies find that NAshell blockade of dopamine receptors prevents cocaine prime-induced reinstatement (Anderson et al., 2003 Bachtell et al., 2005) . In the present study, intraNAshell microinjections of dopamine reversed the suppression of cocaine-seeking by PEPA administration into the IL. Moreover, dopamine alone induced cocaine-seeking, in agreement with previous studies that dopaminergic input to the NAshell promotes drug-seeking Anderson et al., 2008) . Recent studies indicate that the NAshell plays a crucial role in suppressing inappropriate behaviors that the animal has learned not to engage in, such as responding to a nonrewarded cue or responding in the absence of a reward-related cue (Ambroggi et al., 2011; Ghazizadeh et al., In press ). Because inactive lever pressing or pressing on the active lever after extinction training are similar types of inappropriate behavior, it is not surprising that dopamine microinjections into the NAshell also increased inactive lever pressing. As previous work indicates that NAshell inactivation, via GABAergic agonists, increases inappropriate behaviors, including cocaine-seeking after extinction training (Peters et al., 2008) or responding during the nonrewarded cue (Ambroggi et al., 2011) , it appears that NAshell inactivation via GABAergic agonists produces similar effects to dopamine in the NAshell. This conclusion is in agreement with evidence that dopamine receptor blockade in the NAshell prevents the increase in responding to the nonrewarded cue induced by IL inactivation (Ghazizadeh et al., In press) and that dopamine inhibits reward-related firing of accumbens neurons (Carlezon & Thomas, 2009) . If this hypothesis is correct it would help to resolve the apparent contradiction in the literature, in which findings indicate that NAshell inactivation has no effect on (McFarland & Kalivas, 2001) , whereas dopamine receptor blockade prevents (Anderson et al., 2006) , reinstatement of cocaine-seeking.
In contrast to the dopamine signaling, IL signaling appears to suppress these inappropriate behaviors, as suggested by the present findings and previous work (Ishikawa et al., 2008; Ghazizadeh et al., In press). Recent evidence indicates that reinstatement of cocaineconditioned place preference reduces the strength of excitatory inputs to the NAshell, suggesting that a mechanism within the NAshell permits reinstatement triggers to reduce IL inputs that normally inhibit drug-seeking (Rothwell et al., 2011) . Indeed, dopamine acts as a modulator of glutamatergic transmission onto medium spiny neurons in the NAshell (Nicola et al., 2000) . In countermanding PEPA activation of IL glutamatergic input to the NAshell, dopamine may be acting presynaptically on D1 receptors to inhibit glutamate or postsynaptically via D2 to inhibit the efficacy of glutamate signaling (Nicola et al., 2000) . Because dopaminergic inputs to the NAcore produce similar effects as those in the NAshell yet prefrontal glutamatergic inputs to the NAcore induce, rather than inhibit, cocaine-seeking, it is unlikely that this mechanism fully accounts for the differences in the NAshell. As analysis of the NAcore and shell indicates that subpopulations of neurons, rather than the entire structure, guide motivated behavior (Taha et al., 2007) , understanding the interplay of glutamatergic and dopaminergic inputs in each structure with specific behavior will require future work focused on the distinct neuronal ensembles within the NAshell and core, rather than individual neurons, activated by specific inputs.
The present findings are consistent with human studies on the ventromedial prefrontal cortex (vmPFC or subgenual anterior cingulate cortex, including the medial orbitofrontal cortex), which appears to be functionally homologous to the IL (Phelps et al., 2004; Bechara, 2005; Milad et al., 2009) . Activity in the vmPFC correlates with retention of extinction for fear conditioning (Phelps et al., 2004; Milad et al., 2009) . Moreover, cue-induced cocaine craving is associated with decreased vmPFC activity (Bonson et al., 2002) , and greater vmPFC activity correlates with longer durations of abstinence from cocaine use (Brewer et al., 2008) . Other evidence indicates that low impulse control in humans correlates with reduced vmPFC volume (Boes et al., 2009 ) and that vmPFC-damaged patients make poor choices in the Iowa Gambling Task, showing a preference for high immediate rewards with long-term negative consequences (Bechara, 2005) . Thus, the IL in rats or vmPFC in humans is probably involved in learning to suppress inappropriate behaviors, including cocaineseeking, and is consequently critical for extinction learning and expression. It is tempting to speculate that differences in vmPFC activity in humans may contribute to an inability to suppress cocaineseeking behavior, rendering the vmPFC a potential pharmacotherapeutic target for addiction treatment. In fact, PEPA appears to activate the medial prefrontal cortex relatively selectively over the BLA or hippocampus due to the increased presence in the medial prefrontal cortex of AMPA receptor subunits and splice variants that preferentially bind PEPA (Zushida et al., 2007) . Intriguingly, in mice, systemic PEPA administration, as well as intra-medial prefrontal cortex microinjections of PEPA, enhance the rate of extinction of fear conditioning (Zushida et al., 2007; Yamada et al., 2009 Yamada et al., , 2011 , suggesting that it may prove to be a fruitful pharmacotherapy for promoting the inhibition of unwanted behaviors through extinction training.
